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Summary 

With  composite  materials  being  used  more  fre¬ 
quently  in  aircraft  structures,  research  is  being  per¬ 
formed  to  determine  better  energy-absorbing  designs 
for  composite  aircraft  components.  The  NASA  Lang¬ 
ley  Research  Center  obtained  composite  intersections 
that  implemented  designs  similar  to  those  that  per¬ 
formed  well  in  metal  aircraft.  Forty-one  composite 
specimens  of  aircraft  subfloor  intersections  (cruci- 
forms)  were  tested  to  determine  the  effects  of  geom¬ 
etry  and  material  on  the  energy- absorbing  behavior, 
failure  characteristics,  and  postcrush  structural  in¬ 
tegrity  of  the  specimens.  The  cruciforms  were  con¬ 
structed  of  12-ply  ([±45]e)  laminates  of  either  Kevlar 
49/934  or  AS-4/934  graphite  epoxy  in  heights  of  4, 
8,  and  12  in.  The  geometry  of  the  specimens  varied 
in  the  designs  of  the  intersection  attachment  angle. 
Four  different  geometries  were  tested. 

Based  upon  specific  energy  absorption,  peak 
loads,  sustained  crushing  loads,  and  postcrush  struc¬ 
tural  integrity,  the  best  performance  was  exhibited  by 
the  Kevlar  tapered  specimens  without  cutouts.  The 
graphite-epoxy  specimens,  which  did  not  have  the 
plasticlike  behavior  of  the  Kevlar  specimens,  showed 
brittle,  catastrophic  behavior  and  maintained  little 
postcrush  structural  integrity. 

Introduction 

Interest  by  the  U.S.  Army  in  utilizing  compos¬ 
ites  in  aircraft  has  led  to  a  joint  research  effort  be¬ 
tween  the  U.S.  Army  Aerostructures  Directorate  and 
the  NASA  Langley  Research  Center  to  develop  effi¬ 
cient,  energy-absorbing  composite  helicopter  struc¬ 
tures.  The  crashworthiness  of  an  aircraft  is  based 
upon  its  ability  to  protect  the  occupants  from  se¬ 
rious  and/or  fatal  injury  in  a  crash  situation.  In 
most  aircraft,  there  are  structural  components  such 
as  landing  gears,  seats,  and  subfloors  that  can  ab¬ 
sorb  energy.  If  the  overall  energy  absorption  is  opti¬ 
mized  by  the  aircraft  designer,  the  loads  transmit¬ 
ted  to  the  occupants  can  be  significantly  reduced 
in  the  event  of  a  crash.  Thus,  one  area  of  aircraft 
structures  that  should  be  of  concern  to  the  designer 
is  the  intersections  of  longitudinal  subfloor  beams 
and  lateral  bulkheads  which  form  efficient  load  paths 
or  “hard  points.”  These  hard  points  transfer  high 
loads  to  the  seat /occupant  and  often  prevent  desir¬ 
able  energy-absorbing  failure  modes  from  occurring 
during  a  crash.  To  develop  better  energy-absorbing 
structures,  new  concepts  for  subfloor  structures  are 
being  designed  and  tested. 

During  the  General  Aviation  Crash  Dynamics 
Program  at  the  NASA  Langley  Research  Center, 
efforts  in  the  area  of  subfloor  designs  for  crash 


dynamics  were  directed  toward  metal  aircraft  (refs.  1 
to  3).  The  application  of  composite  materials  to 
aircraft  structures  offers  potentially  significant 
weight-saving,  cost  reductions,  and  improved  corro¬ 
sion  resistance  compared  to  metal  structures.  How¬ 
ever,  because  of  the  different  material  properties 
of  composites,  the  existing  metal-aircraft  crash-test 
data  can  be  used  as  a  guide  but  cannot  necessarily 
be  directly  applied  to  composite  structures.  More  re¬ 
cently,  considerable  work  has  been  focused  on  deter¬ 
mining  the  energy-absorbing  properties  of  composite 
materials.  (For  example,  see  refs.  4  to  6.)  Since 
composites  typically  are  brittle  and  do  not  neces¬ 
sarily  exhibit  plasticity  or  high  elongation  (or  com¬ 
pression)  prior  to  failure,  changes  are  required  in  the 
geometry  (designs)  in  many  composite  aircraft  struc¬ 
tural  elements.  The  changes  are  needed  to  maintain 
structural  integrity  around  the  occupants  in  the  event 
of  a  crash  and  to  provide  efficient  energy- absorbing 
mechanisms.  Therefore,  new  concepts  of  potential 
subfloor  structures  need  to  be  tested  to  verify  the 
energy-absorbing  behavior  and  properties  of  the  de¬ 
sign.  The  specific  energy  absorption,  peak  loads, 
sustained  crushing  loads,  and  postcrush  integrity  are 
characteristics  that  should  be  reviewed  to  determine 
if  the  structure  will  approach  the  desired  behavior  in 
a  crash  situation. 

The  purpose  of  this  paper  is  to  present  exper¬ 
imental  results  from  the  evaluation  of  the  energy¬ 
absorbing  characteristics  of  composite  subfloor 
intersections.  A  comparison  of  the  different  designs 
is  based  upon  the  specific  energy  absorbed,  peak 
loads,  sustained  crushing  loads,  and  postcrush  struc¬ 
tural  integrity.  The  performance  of  the  specimens 
should  provide  a  baseline  for  further  development 
and  improvement  of  composite  intersection  designs. 
The  eventual  goal  is  to  develop  more  efficient  struc¬ 
tural  subfloor  concepts  for  use  in  composite  aircraft 
structures. 

Test  Specimens 

Geometries  of  the  test  specimens  are  shown  in  fig¬ 
ures  1  and  2.  The  specimens  (cruciforms)  represent 
the  intersection  of  an  aircraft  floor  structure  where 
longitudinal  beams  and  lateral  bulkheads  are  con¬ 
nected,  generally  through  angle-type  attachments. 
These  cruciforms  are  the  composite  laminate  ver¬ 
sions  of  the  sandwich-concept  design  that  was  tested 
and  reported  in  reference  6.  The  four  intersection 
attachment- angle  concepts  applied  in  the  present 
study  are  given  as  follows: 

1.  Tapered  without  cutouts  (TWOCO) 

2.  Tapered  with  cutouts  (TWCO) (Kevlar  only) 


3.  Straight  without  cutouts  (SWOCO) 

4.  Straight  with  cutouts  (SWCO)  (Kevlar  only) 

The  number  of  cutouts  in  the  intersections  varied 
for  the  different  height  specimens.  Four-in.  speci¬ 
mens  had  2  and/or  3  cutouts,  8-in.  specimens  had 

4  and/or  6  cutouts,  and  12-in.  specimens  had 

5  and/or  11  cutouts. 

Various  concepts  of  the  attachments  were  used 
that  could  provide  the  necessary  static  loads  strength 
and  flight  loads  strength  and  that  could  potentially 
exhibit  good  energy- absorbing  characteristics  in  the 
event  of  a  crash.  The  initial  intent  of  the  cutouts 
was  to  minimize  the  high  loads  transmitted  by  the 
joints  and  to  allow  desirable  failure  (collapse)  modes 
to  occur.  Thus,  the  high-potential  energy-absorption 
capability  of  the  composite  material  may  be  more 
efficiently  utilized  in  the  subfloor  structure. 

The  cruciform  specimens  were  constructed  of  12- 
ply  ([±45]e)  laminates  of  either  Kevlar1  49/934  or 
AS-4/934  graphite  epoxy  in  heights  of  4,  8,  or 
12  in.  Rivets  were  used  to  secure  the  attachment 
angles  during  the  bonding  of  the  attachment  an¬ 
gles  to  the  webs.  The  rivets  did  not  provide  addi¬ 
tional  strength  to  the  joints.  Table  I  lists  the  dif¬ 
ferent  specimens  of  which  at  least  three  replicates 
of  each  type  were  fabricated  and  tested.  For  test 
purposes,  each  end  was  affixed  to  a  6-in-square  by 
1/4- in-thick  aluminum  plate.  At  the  location  where 
the  specimen  attached  to  the  bottom  plate,  a  1/4- 
in-radius  crush  initiator  was  used  as  illustrated  in 
figure  2.  A  crush  initiator  is  a  special  structural  de¬ 
sign  feature  that  may  provide  several  desirable  struc¬ 
tural  behavior  characteristics  such  as  (1)  determin¬ 
ing  the  location  of  initial  crushing,  (2)  determining 
the  initial  crushing  mode,  and  (3)  reducing  the  ini¬ 
tial  peak  crushing  load.  (See  ref.  4.)  To  allow  spe¬ 
cific  energy  absorption  to  be  determined,  the  speci¬ 
mens  were  weighed  and  pertinent  dimensions  were 
recorded  prior  to  adding  the  aluminum  end  plates. 

Test  Apparatus  and  Procedure 

Quasi-static  testing  of  the  cruciform  specimens 
was  performed  using  a  120000-lbf  testing  machine 
shown  in  figure  3.  The  ends  of  the  cruciforms  initially 
were  prevented  from  twisting  by  using  a  constraint 
plate  and  pins.  Specimens  were  crushed  to  25  per¬ 
cent  of  their  original  height  at  a  head  travel  rate  of 
2  in/min.  Load  and  deflection  data  were  sampled  at 
400  samples  per  minute.  Data  were  recorded  on  a 
personal  computer  data  acquisition  system  with  12- 
bit  data  resolution  and  were  reduced  using  a  spread¬ 
sheet  computer  program.  Calculations  of  the  total 
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energy  absorbed,  sustained  crushing  load,  and  spe¬ 
cific  energy  absorbed  (energy  absorbed  per  pound  of 
material  per  inch  of  deflection)  were  made  to  provide 
similar  terms  for  a  comparison  of  performance  among 
the  various  intersection  concepts. 

Definitions  and  Evaluation  Criteria 

Quasi-static  crush  results  from  the  performance 
of  the  four  different  composite  specimens  of  subfloor 
intersections  (cruciforms)  are  evaluated  and  dis¬ 
cussed  using  the  following  terms  (refs.  6  and  7): 

1.  Peak  load  —  the  loads  associated  with 
prebuckling 

2.  Sustained  crushing  load  —  the  mean  of 
the  load  history  after  crush  initiation 

3.  Stroke  —  the  maximum  displacement 
of  the  load 

4.  Energy  absorbed  —  the  energy  dissipated 
by  a  system  and  represented  by  the  area  under 
the  load-deflection  curve 

5.  Specific  energy  —  the  energy  absorbed  per 
unit  weight  per  unit  crush 

6.  Post  crush  integrity  —  the  residual  struc¬ 
tural  capability  of  the  structure 

Ideally,  the  peak  loads  that  occur  during  the 
crushing  of  the  specimen  should  not  exceed  the  sus¬ 
tained  crushing  load  by  more  than  approximately 
25  percent.  The  ratio  of  the  stroke  to  the  original 
height  of  the  specimen  should  be  high  (75  percent 
or  greater)  to  reduce  weight  penalties.  Also,  weight 
penalties  can  be  prevented  by  keeping  the  specific 
energy  as  high  as  possible.  Keeping  the  specific  en¬ 
ergy  high  allows  maximum  energy  absorption  with 
the  least  amount  of  material.  Finally,  good  postcrush 
structural  integrity  should  be  maintained. 

Results  and  Discussion 

Results  of  quasi-static  crushing  tests  performed 
with  the  four  different  composite  specimens  of  sub¬ 
floor  intersections  constructed  of  either  Kevlar  or 
graphite  epoxy  are  presented  in  figures  4  through 
16  and  table  II.  Results  include  load-deflection  plots, 
tabulated  peak  loads,  specific  energy  absorption,  sus¬ 
tained  crushing  loads,  and  an  assessment  of  the  struc¬ 
tural  integrity  of  the  specimens  after  crushing. 

Performance  of  Cruciform  Specimens 

Tapered  without  cutouts  ( TWOCO ).  A  Kevlar 
12-in.  TWOCO  specimen  is  pictured  in  figure  4,  and 
typical  load-deflection  data  are  presented  in  figure  5. 
As  shown,  good  postcrush  structural  integrity  and 
accordionlike  buckling  are  typical  characteristics  of 
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the  Kevlar  TWOCO  specimens.  However,  delamina¬ 
tion  and  debonding  are  apparent  in  the  photograph 
of  figure  4.  In  general,  the  Kevlar  specimens  ex¬ 
hibited  initial  peak  loads  that  were  less  than  1.3  times 
the  sustained  crushing  load.  The  4-,  8-,  and  12-in- 
high  specimens  (identified  as  K0400T,  K0800T,  and 
K1200T,  respectively,  where  K  denotes  Kevlar,  04 
denotes  height  series,  00  denotes  number  of  cutouts, 
and  T  denotes  tapered)  showed  gradually  increas¬ 
ing  energy  absorption  with  crushing  corresponding 
to  the  increase  in  the  load-carrying  capability  associ¬ 
ated  with  the  widening  of  the  tapered  angle  attach¬ 
ment  of  this  concept.  Various  peak  loads  noted  in 
figure  5  are  due  to  the  accordionlike  local  buckling  of 
the  intersection  material,  and  these  peak  loads  were 
less  than  twice  the  sustained  crushing  loads. 

A  crushed  graphite-epoxy  4-in.  TWOCO  speci¬ 
men  is  pictured  in  figure  6  and  typical  data  for  the 
TWOCO  cruciforms  (identified  as  C0400T,  C0800T, 
and  C1200T)  are  presented  in  figure  7.  As  shown  in 
figure  6,  all  structural  integrity  and  load-carrying  ca¬ 
pability  was  lost  during  the  loading  of  the  specimen. 
The  initial  peak  loads  were  considerably  higher  than 
the  sustained  crushing  load  (some  peaks  were  five 
times  as  high),  and  catastrophic  failure,  especially 
in  the  taller  specimens,  occurred  almost  immediately 
after  the  initial  peak  load. 


Tapered  with  cutouts  (TWCO)  (Kevlar  only). 

Crushed  Kevlar  TWCO  specimens  are  pictured  in 
figure  8.  Typical  load-deflection  data  for  the  cruci¬ 
forms  (identified  as  K0402T,  K0403T,  K0804T, 
K0806T,  K1205T,  and  K1211T)  are  given  in  figure  9. 
The  8-in.  TWCO  specimen  pictured  in  figure  8(a) 
maintained  better  structural  integrity  than  the  12- 
in.  specimen  pictured  in  figure  8(b).  In  the  region 
around  the  cutouts,  both  specimens  showed  a  ten¬ 
dency  for  delamination  and  debonding  of  both  the 
angle  attachment  and  the  webs.  The  TWCO  speci¬ 
mens  had  initial  peak  loads  of  about  1.4  times  the 
sustained  crushing  load.  The  loss  of  load-carrying  ca¬ 
pability  by  the  K1211T  specimens  is  apparent  in  the 
load-deflection  data  presented  in  figure  9(c).  Also, 
the  12-in.  specimen  shows  signs  of  global  buckling. 
From  column  buckling  considerations,  the  critical 
buckling  load  is  directly  proportional  to  the  bend¬ 
ing  stiffness  of  the  section  and  inversely  proportional 
to  the  length  squared.  Thus,  the  buckling  load  for 
the  12-in.  specimens  would  be  the  lowest  of  the  4-, 
8-,  or  12-in.  heights.  Additionally,  with  the  delami¬ 
nation  and  debonding  of  the  angles  and  webs,  a  sub¬ 
stantial  loss  of  bending  stiffness  occurs.  It  appears 
that  the  loss  reduced  the  critical  column  or  global 


buckling  load  below  the  local  failure  load,  thus  giv¬ 
ing  rise  to  the  overall  global  failure  mode  noted  and 
consequently  the  lower  energy  absorption. 

Straight  without  cutouts  (SWOCO).  A  crushed 
Kevlar  12-in.  SWOCO  specimen  is  pictured  in  fig¬ 
ure  10  and  typical  load-deflection  data  for  the  speci¬ 
mens  (identified  as  K0400S,  K0800S,  and  K1200S) 
are  presented  in  figure  11.  Accordionlike  local  buck¬ 
ling  of  the  SWOCO  specimens  is  very  much  like  that 
of  the  Kevlar  TWOCO  specimens.  Although  delam¬ 
ination  and  debonding  may  be  noted,  the  Kevlar 
SWOCO  specimens  maintained  good  postcrush  in¬ 
tegrity.  The  initial  peak  loads  are  approximately 
1.7  times  the  sustained  crushing  load.  The  8-  and 
12-in.  specimens  have  various  peak  loads  throughout 
the  data  that  resulted  from  the  accordionlike  local 
buckling  of  the  specimen. 

A  graphite-epoxy  8-in.  specimen  of  the  SWOCO 
configuration  is  presented  in  figure  12,  and  typical 
load-deflection  data  for  the  specimens  (identified  as 
C0400S  and  C0800S)  are  presented  in  figure  13.  Un¬ 
like  the  graphite-epoxy  TWOCO  cruciforms,  the  4- 
and  8-in-high  specimens  did  not  fail  catastrophically. 
A  sustained  crushing  load  was  maintained  for  the 
crush  duration  and  some  structural  integrity  existed. 
Extremely  high  initial  peak  loads  of  more  than  twice 
the  sustained  crushing  load  were  recorded.  Incon¬ 
sistent  loads  were  observed  with  the  12-in.  speci¬ 
mens  (C1200S),  and  a  loss  of  data  occurred  when 
unexpectedly  high  peak  loads  exceeded  calibration 
levels. 

Straight  with  cutouts  (SWCO)  (Kevlar  only). 

A  Kevlar  12-in.  SWCO  specimen  is  pictured  in  fig¬ 
ure  14,  and  typical  crush  data  for  the  straight  cruci¬ 
form  specimens  with  cutouts  (identified  as  K0402S, 
K0403S,  K0804S,  K0806S,  K1205S,  and  K1211S)  are 
presented  in  figure  15.  As  noted  with  the  Kevlar 
TWCO  specimens,  the  Kevlar  SWCO  specimens  had 
a  tendency  to  delaminate  and  debond  in  the  area 
of  the  cutouts  and  attachment  angle.  A  higher  de¬ 
gree  of  delamination  and  debonding  in  the  8-  and 
12-in.  specimens  with  high  cutout  counts  resulted  in 
a  greater  loss  of  postcrush  structural  integrity.  The 
load-deflection  data  of  figure  15  indicate  that  high 
initial  peak  loads  of  more  than  twice  the  sustained 
loads  occurred  with  these  specimens.  After  the  ini¬ 
tial  peak  loads,  most  of  the  load-carrying  capability 
of  the  specimens  was  very  low  as  shown  in  the  data 
plots  of  figures  15(b)  and  15(c). 

Comparison  of  Concept  Performance 

The  data  presented  in  table  II  are  presented 
in  figure  16  as  bar  graphs  to  make  trends  more 
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apparent  and  to  facilitate  comparisons  between  the 
Kevlar  and/or  the  graphite-epoxy  specimens  where 
applicable.  The  graphs  present  sustained  crushing 
load,  the  ratio  of  peak  load  to  sustained  load,  peak 
load,  and  specific  energy  absorption  as  a  function  of 
specimen  type. 

Data  for  the  4-in-high  Kevlar  and  graphite-epoxy 
straight  and  tapered  specimens  with  and  without 
cutouts  are  presented  in  figure  16(a).  For  the  Kevlar 
specimens,  sustained  crushing  load  increased  with 
the  number  of  cutouts  for  the  tapered  attachment- 
angle  concept,  whereas  the  sustained  crushing  load 
decreased  with  the  number  of  cutouts  in  the  straight 
attachment- angle  concept.  Peak  load  ranged  from 
about  2300  to  3300  lbf.  The  ratio  of  the  peak 
load  to  the  sustained  load  was  1.7  or  more  (with 
the  exception  of  the  tapered  specimen  with  three 
cutouts),  whereas  the  ideal  value  is  a  ratio  close 
to  1.  Comparisons  indicate  that  the  tapered  spec¬ 
imens  with  cutouts  had  higher  specific  energy  ab¬ 
sorption  than  the  straight  specimens. 

For  the  graphite-epoxy  specimens,  sustained 
crushing  load,  peak  load,  and  specific  energy  absorp¬ 
tion  were  higher  than  those  for  the  Kevlar  specimens. 
The  ratio  of  peak  load  to  sustained  load  was  com¬ 
parable  to  that  of  the  Kevlar  specimens.  Addition¬ 
ally,  the  performance  values  of  the  graphite-epoxy 
tapered  concept  were  lower  than  those  of  the 
graphite-epoxy  straight  concept.  Specific  energy  ab¬ 
sorption  was  higher  than  for  the  Kevlar  specimens; 
however,  extremely  high  peak  loads  biased  the  energy 
absorption  and,  as  noted  earlier,  structural  integrity 
was  not  maintained. 

A  comparison  of  the  data  for  the  8-in-high 
Kevlar  and  graphite-epoxy  straight  and  tapered 
specimens  with  and  without  cutouts  is  presented  in 
figure  16(b).  For  both  the  tapered  and  the  straight 
Kevlar  cruciform  specimens,  sustained  crushing  load 
decreased  with  increasing  number  of  cutouts.  The 
tapered  and  straight  graphite-epoxy  specimens  had 
sustained  crushing  loads  that  were  comparable  to 
those  of  the  tapered  and  straight  Kevlar  specimens 
without  cutouts.  Generally,  the  peak  loads  decreased 
with  the  number  of  cutouts,  and  the  graphite-epoxy 
peak  loads  were  higher  than  the  peak  loads  of  either 
type  of  Kevlar  specimen.  The  trend  of  the  ratio  of 
peak  load  to  sustained  load  was  generally  between 
1.4  and  2.  The  exceptions  were  the  Kevlar  straight 
specimens  with  four  and  six  cutouts.  Specific  energy 
decreased  with  increasing  number  of  cutouts  for  both 
the  straight  and  the  tapered  Kevlar  specimens.  The 
graphite-epoxy  specimens  had  specific  energy  values 
that  were  comparable  to  those  of  the  straight  and 
tapered  Kevlar  specimens  without  cutouts. 


A  comparison  of  data  for  the  12-in-high  speci¬ 
mens  is  presented  in  figure  16(c).  As  may  be  noted, 
the  sustained  load,  specific  energy  absorption,  and 
peak  load  for  the  tapered  specimens  with  and  with¬ 
out  cutouts  decreased  with  the  number  of  cutouts. 
The  trend  of  the  ratio  of  peak  load  to  sustained  load 
was  to  increase  with  the  number  of  cutouts  for  both 
the  tapered  and  the  straight  concepts.  The  ratios 
of  peak  load  to  sustained  load  were,  however,  higher 
than  the  desired  value  of  1;  the  graphite-epoxy  ta¬ 
pered  specimen  and  the  Kevlar  straight  specimen 
with  11  cutouts  had  a  ratio  of  approximately  4.  The 
peak  load  for  the  Kevlar  straight  specimens  with 
and  without  cutouts  was  comparable.  The  graphite- 
epoxy  tapered  specimen  (the  only  available  speci¬ 
men)  had  the  highest  peak  load  of  all  the  12-in. 
specimens  tested.  Specific  energy  absorption  was 
higher  for  the  graphite-epoxy  specimens;  again,  how¬ 
ever,  the  peak  load,  ratio  of  peak  load  to  sustained 
load,  and  structural  integrity  were  indicators  that 
these  concepts  were  not  ideal  for  the  graphite-epoxy 
material. 

Conclusions 

Experiments  were  conducted  to  determine  the 
energy-absorbing  characteristics  and  performance  of 
Kevlar  and  graphite-epoxy  aircraft  subfloor  inter¬ 
sections.  Various  concepts  for  the  attachment  of  lam¬ 
inated  longitudinal  floor  beams  and  lateral  bulkheads 
were  incorporated  into  cruciform  specimens  for  static 
testing.  The  performance  of  the  concepts  was  evalu¬ 
ated  based  on  peak  loads,  sustained  crushing  loads, 
specific  energy  absorption,  ratio  of  peak  loads  to  sus¬ 
tained  loads,  and  a  subjective  evaluation  of  structural 
integrity  following  the  crushing  tests.  Results  from 
the  study  support  the  following  conclusions: 

1.  Local  failure  modes  with  multiple  buckling 
are  necessary  to  achieve  high-energy  absorption  ef¬ 
ficiency  for  the  intersection  concepts. 

2.  Structural  integrity  was  maintained  with  the 
plasticlike  behavior  of  the  Kevlar  material.  Struc¬ 
tural  integrity  was  not  achieved  with  the  brittle 
graphite-epoxy  system. 

3.  A  tapered  attachment-angle  concept  applied  to 
subfloor  intersections  constructed  in  a  laminate  pro¬ 
vided  the  best  performance  for  peak  loads,  sustained 
crushing,  specific  energy  absorption,  and  structural 
integrity. 

4.  Attachment  concepts  with  cutouts  in  the  webs 
of  the  intersections  tended  to  reduce  the  various  per¬ 
formance  parameters  more  than  the  concepts  without 
cutouts. 

5.  The  cutouts  led  to  undesirable  delaminations 
in  both  the  angles  and  the  webs  of  the  Kevlar 
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specimens,  thus  reducing  the  overall  efficiency  of  the 
concepts. 

NASA  Langley  Research  Center 
Hampton,  VA  23665-5225 
September  12,  1989 
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Table  I.  Cruciform  Variables 


Cruciform 

Serial 

number 

Composite 

prepreg 

(a) 

Cruciform  dimensions 

Intersection  concepts 

Height, 

in. 

Length, 

in. 

Width, 

in. 

Type 

Number  of 

cutouts 

K0400T 

1,2,3 

i 

4 

6 

6 

Tapered 

C0400T 

1,2,3 

2 

4 

6 

6 

Tapered 

K0800T 

1,2,3 

1 

8 

6 

6 

Tapered 

0 

C0800T 

1,2,3 

2 

8 

6 

6 

Tapered 

0 

K1200T 

1,2,3 

1 

12 

6 

6 

Tapered 

0 

C1200T 

1,2,3 

2 

12 

6 

6 

Tapered 

0 

K0400S 

1,2,3 

1 

4 

6 

6 

Straight 

0 

C0400S 

1,2,3 

2 

4 

6 

6 

Straight 

0 

K0800S 

1,2,3 

1 

8 

6 

6 

Straight 

0 

C0800S 

1,2,3 

2 

8 

6 

6 

Straight 

0 

K1200S 

1,2, 3, 4, 5, 6 

1 

12 

6 

6 

Straight 

0 

— C1200S 

1,2,3 

2 

12 

6 

6 

Straight 

0 

K0402S 

1,2,3 

1 

4 

6 

6 

Straight 

2 

K0403S 

1,2,3 

1 

4 

6 

6 

Straight 

3 

K0804S 

1,2,3 

1 

8 

6 

6 

Straight 

4 

K0806S 

1,2,3 

1 

8 

6 

6 

Straight 

6 

K1205S 

1,2,3 

1 

12 

6 

6 

Straight 

5 

K1211S 

1,2,3 

1 

12 

6 

6 

Straight 

11 

K0402T 

1,2,3 

1 

4 

6 

6 

Tapered 

2 

K0403T 

1,2,3 

1 

4 

6 

6 

Tapered 

3 

K0804T 

1,2,3 

1 

8 

6 

6 

Tapered 

4 

K0806T 

1,2,3 

1 

8 

6 

6 

Tapered 

6 

K1205T 

1,2,3 

1 

12 

6 

6 

Tapered 

5 

K1211T 

1,2,3 

1 

12 

6 

6 

Tapered 

11 

°1:  Kevlar;  2:  graphite  epoxy. 


6 


Table  II.  Cruciform  Performance 


Specimen 

Cruciform 

Maximum 
peak 
loads,  lbf 

Sustained 
crushing 
load,  lbf 

Specific  energy 
absorption  per 
inch  of  crush, 
(lbf-in/lb)/in. 

Structural 

integrity 

K0400T 

11664 

Good 

Tapered 

C0400T 

16794 

Poor 

without 

K0800T 

7264 

Good 

cutouts 

C0800T 

8073 

Poor 

(TWOCO) 

“K1200T 

2250 

4112 

Good 

C1200T 

780 

1960 

Poor 

K0402T 

13775 

Good 

Tapered 

K0403T 

2760 

11779 

Good 

with 

K0804T 

2550 

5835 

Good 

cutouts 

C0806T 

2650 

1370 

4172 

Fair 

(TWCO)  . 

K1205T 

2400 

1200 

2474 

Fair 

K1211T 

2130 

830 

1655 

Poor 

K0400S 

9766 

Good 

Straight 

C0400S 

1 

18583 

Fair 

without 

K0800S 

6356 

Good 

cutouts 

C0800S 

5470 

2700 

6763 

Fair 

(SWOCO) 

°K1200S 

3560 

2130 

3467 

Good 

C1200S 

(b) 

0 b ) 

(b) 

K0402S 

BMP-r  VWHMi 

Straight 

K0403S 

rnSmm 

with 

K0804S 

4170 

1740 

cutouts 

K0806S 

900 

4058 

Poor 

(SWCO) 

K1205S 

1190 

1999 

Fair 

K1211S 

870 

1527 

Poor 

aThese  specimens  were  crushed  only  6  in. 
^Inconsistent  loads  caused  loss  of  data. 
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0  1.2 
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Figure  5.  Typical  load-deflection  data  for  Kevlar  tapered  load  specimens  without  cutouts  (TWOCO).  Solid 
line  denotes  sustained  crushing  load. 


5000 


4000 


Load,  Ibf 


3000 


2000 


1000 


4-in.  specimen  (C0400T) 


Load,  Ibf 


5000 


4000 


3000 


2000 


1  2 
Deflection,  in. 


1000 


8-in.  specimen  (C0800T) 


4000 


3000 


Deflection,  in. 


12-in.  specimen  (C1200T) 


Load,  Ibf  2000 


1000 


Deflection,  in. 


Figure  7.  Typical  load-deflection  data  for  graphite-epoxy  tapered  specimens  without  cutouts  (TWOCO).  Solid 
line  denotes  sustained  crushing  load. 


L-88-13,258 

(a)  Crushed  Kevlar  8-in.  tapered  specimen  with  four  cutouts  (K0804T).  Note  the  accordionlike  buckling  and 
good  structural  integrity. 


Figure  8.  Kevlar  TWCO  specimens. 


4000 


(a)  Typical  load-deflection  data  for  Kevlar  4-in.  tapered  specimens  with  two  and  three  cutouts. 

Figure  9.  Typical  load-deflection  data  for  Kevlar  tapered  specimens  with  cutouts  (TWCO).  Solid  line  denotes 
sustained  crushing  load. 
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Load,  Ibf 


Load,  Ibf 


(b)  Typical  load-deflection  data  for  Kevlar  8-in.  tapered  specimens  with  four  and  six  cutouts. 


Figure  9.  Continued. 


Load, 


(c)  Typical  load-deflection  data  for  Kevlar  12-in.  tapered  specimens  with  5  and  11  cutouts. 


Figure  9.  Concluded. 


L-88-13,254 


Figure  10.  Crushed  Kevlar  12-in.  straight  specimen  without  cutouts  (K1200S).  The  accordionlike  buckling  is 
typical  of  the  Kevlar  SWOCO  specimens. 


20 
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1000 


Load,  Ibf 


5000 


4000 


3000 


2000 


Deflection,  in. 


1000 


8-in.  specimen  (K0800S) 


4000 


3000 


Load,  Ibf  2000 


Deflection,  in. 


1000 


12-in.  specimen  (K1200S) 


Deflection,  in. 


Figure  11.  Typical  load-deflection  data  for  Kevlar  straight  specimens  without  cutouts  (SWOCO).  Solid  line 
denotes  sustained  crushing  load. 


Deflection,  in. 


6000 
5000 
4000 

Load,  Ibf  3000 
2000 
1000 
0 

Figure  13.  Typical  load-deflection  data  for  graphite-epoxy  straight  specimens  without  cutouts  (SWOCO).  Solid 
line  denotes  sustained  crushing  load. 


Deflection,  in. 


(a)  Typical  load-deflection  data  for  Kevlar  4-in.  straight  specimens  with  two  and  three  cutouts. 

Figure  15.  Typical  load-deflection  data  for  Kevlar  straight  specimens  with  cutouts  (SWCO).  Solid  line  denotes 
sustained  crushing  load. 


25 


rSTSTSi 


8-in.  specimen  with  four  cutouts  (K0804S) 


4000 
3000 

Load,  Ibf 

2000 
1000 
0 

0  2 


j - . - 1 - . - 1 

4  6  8 


Deflection,  in. 


(b)  Typical  load-deflection  data  for  Kevlar  8-in.  straight  specimens  with  four  and  six  cutouts. 

Figure  15.  Continued. 
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12-in.  specimen  with  five  cutouts  (K1205S) 


Load,  Ibf 


Load,  Ibf 


400 


(c)  Typical  load-deflection  data  for  Kevlar  12-in.  straight  specimens  with  5  and  11  cutouts 

Figure  15.  Concluded. 
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Specific  energy 
absorption  per 
inch  of  crush, 
(lbf-in/lb)/in. 


Specimen  type 
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(a)  4-in.  specimens. 

Figure  16.  Comparison  of  performance  of  composite  subfloor  intersections. 


Sustained 

crushing 

load, 

Ibf 


Ratio  of 
peak  load  to 
sustained  load 


Peak  load, 
Ibf 


Specific  energy 
absorption  per 
inch  of  crush, 
(lbf-in/lb)/in. 


K0800T  K0804T  K0806T  K0800S  K0804S  K0806S  C0800T  C0800S 


K0800T  K0804T  K0806T  K0800S  K0804S  K0806S  C0800T  C0800S 


K0800T  K0804T  K0806T  K0800S  K0804S  K0806S  C0800T  C0800S 


Specimen  type 

(b)  8-in.  specimens. 

Figure  16.  Continued. 
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load, 
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Ratio  of 
peak  load  to 
sustained  load 


Peak  load, 
Ibf 


Specific  energy 
absorption  per 
inch  of  crush, 
(lbf-in/lb)/in. 


K1200T  K1205T  K1211T  K1200S  K1205S  K1211S  C1200T  C1200S 
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(c)  12-in.  specimens. 
Figure  16.  Concluded. 
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